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We present optical transmission measurements that reveal a charge gap of 0.86 eV in the local mo¬ 
ment antiferromagnetic insulator BaMn 2 As 2 , an order of magnitude larger than previously reported. 
Density functional theory plus dynamical mean field theory (DFT+DMFT) calculations correctly 
reproduce this charge gap only when a strong Hund’s coupling is considered. Thus, BaMn 2 As 2 is 
a member of a wider class of Mn pnictide compounds that are Mott-Hund’s insulators. We also 
present optical reflectance for metallic 2% K doped BaMn 2 As 2 that we use to extract the optical 
conductivity at different temperatures. The optical conductivity cri(ct;) exhibits a metallic response 
that is well described by a simple Drude term. Both cr(cc;^0, T) and p(T) exhibit Fermi liquid 
temperature dependencies. From these measurements, we argue that a more strongly correlated 
Hund’s metal version of the parent compounds of the iron pnictide superconductors has not yet 
been realized by doping this class of Hund’s insulators. 

PACS numbers: Enter 


The discovery of high temperature superconductivity 
(HTSC) upon doping the parent compounds of metallic 
Fe-based materials challenged the validity of a Mott in¬ 
sulator picture as an appropriate starting point for an 
explanation of HTSC phenomena [HU]. It was soon 
recognized that a multi-orbital picture must be adopted 
and the correlations in Fe-based compounds arise from 
Hund’s coupling that promotes a correlated metallic state 
away from half filling umi. These observations led to ex¬ 
tensive investigations of the half-filled layered Mn pnic¬ 
tide systems where Hund’s coupling promotes an insu¬ 
lating state with a charge gap on order of 1 eV [5l|6]. 
By analogy with the cuprates, it was hypothesized that 
doping these Hund’s insulators across a metal-insulator 
transition, with a concommitant suppression of the mag¬ 
netic order, could lead to a superconducting phase. 

Layered insulating Mn pnictide systems like 
LaMnPO [5] and BaMn 2 As 2 [7] that adopt the 
ZrCuSiAs and ThCr 2 Si 2 structure types have been 
the subjects of the most thorough investigations, as 
they are isostructural with the parent compounds of 
the Fe-based HTSC. Significant charge fluctuations 
have been reported in the antiferromagnetic insulator 
LaMnPO, as evidenced by the ordered moment of 3.2 
11B, substantially reduced from the high spin value of 5 
fiB expected from Hund’s rules |8]. However, the direct 
charge gap of 1 eV and the ordered moment are only 
marginally reduced by the introduction of as much as 
28% fluorine in LaMnPOi_a,Fa, [9|. Here, the stability 
of the gap to chemically doping has been ascribed to 
the strength of Hund’s coupling, in agreement with 
density functional theory plus dynamical mean field 


theory (DFT-j-DMFT) calculations [5|- Chemical doping 
of the antiferromagnetic insulator BaMn 2 As 2 [7] met 
with even less success, with initial reports that limited 
amounts of most dopants could be incorporated into the 
structure with only marginal effects on the electronic 
properties m- This was perhaps unsurprising as 
BaMn 2 As 2 has a much larger ordered moment (3.9 
/i^/Mn) and ordering temperature (T^v = 625 K) pT] 
than LaMnPO, suggestive of weaker charge fluctua¬ 
tions and a more robust charge gap. However, the 
direct charge gaps in BaMn 2 As 2 reported from optical 
reflectance (0.024 eV [IS]), ARPES (0.15 eV [T4|) 
and DET (0.1 eV [15], 0.058 eV [H]), are an order 
of magnitude smaller than those found in related Mn 
pnictide systems such as LaMnXO (X = P, As, Sb) [T6] . 
These results suggest BaMn 2 As 2 could be unique 
amongst Mn pnictide systems, prompting our optical 
transmission and reflectance measurements that provide 
a direct measurement of the charge gap. Eurther, it 
was reported from electrical resistivity measurements 
that the introduction of only 2% K in BaMn 2 As 2 is 
sufficient to drive a metal-insulator transition and reveal 
an antiferromagnetic local moment metallic state with 
Tat almost unaffected [14]. 

We present optical transmission and reflectance mea¬ 
surements and DET+DMET calculations to clarify the 
origin of the charge gap in undoped and insulating 
BaMn 2 As 2 , as well as the nature of the metallic state 
induced by 2% K doping. Our optical transmission mea¬ 
surements determine a charge gap of 0.86 eV in undoped 
BaMn 2 As 2 , an order of magnitude larger than previous 
reports [12] and very similar to values found in other 
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square-net Mn compounds [16]. DFT+DMFT calcula¬ 
tions correctly reproduce the measured charge gap only 
when a large Jj:/ = 0.9 eV is included, as well as Hubbard 
U = 8 eV. We also present optical reflectance measure¬ 
ments on a 2% K doped single crystal that find metal¬ 
lic behavior characterized by the appearance of a Drude 
peak. The optical conductivity a(uj) is extracted from 
the reflectance by Kramers-Kronig analysis and we find 
that cri((jj) is well described by a single Drude term. The 
quadratic temperature T-dependence of both the electri¬ 
cal resistivity and ai(uj 0) is as expected for a Fermi 
liquid for T = 1.8 K - 300 K. 

We grew single crystals of BaMn 2 As 2 and 2% K doped 
BaMn 2 As 2 from a Sn flux as detailed elsewhere [7]. The 
presence of 2% K was confirmed by energy dispersive 
x-ray spectroscopy using a SEM JEOL 7600E, and the 
ThCr 2 Si 2 structure was confirmed by x-ray diffrac¬ 
tion using a Bruker D8 Advance. Electrical resistivity 
measurements were performed using a Quantum Design 
Physical Properties Measurement System. Optical re¬ 
flectance measurements were performed on Bruker IPS 
113v and Vertex 80v Eourier transform spectrometers. 
Reflectance was measured on polished single crystal sam¬ 
ples at a near-normal angle of incidence from 2 meV 
to 3 eV using an in situ overcoating (overfilling) tech¬ 
nique m- Infrared transmission measurements were car¬ 
ried out on single crystals of BaMn 2 As 2 using a Bruker 
LUMOS ET-IR Microscope with a KBr window. These 
data were normalized to an open channel by keeping all 
other conditions the same but moving the sample out of 
the way. 

The electronic structure of BaMn 2 As 2 was determined 
using DET + DMET [191 ED], which is based on the 
full-potential linear augmented plane wave method im¬ 
plemented in Wien2K m, using the generalized gra¬ 
dient approximation to the exchange-correlation func¬ 
tional [22]. We use the atomic positions taken from the 
experimentally determined crystal structure [T7]. The 
convergence of the calculations with respect to number 
of k points, charge density, total energy, Eermi level, self¬ 
energy reached a level similar to previous publications 

[iE3]. 

Eigure [^ shows that BaMn 2 As 2 is an insulator. The 
electrical resistivity p(T) measured with the current in 
the ab plane is presented in Eigure [TJi and is found to 
increase with decreasing temperature T. The inset shows 
that at low temperatures p(T) is well descibed by ac¬ 
tivated T-dependence p oc exp(eA/ k^T), with an acti¬ 
vation gap eA = 13 meV, in reasonable agreement with 
previous reports [7]. Eigure lb presents high resolution 
optical reflectance of a single crystal of BaMn 2 As 2 as 
a function of wavenumber for T = 6 K - 295 K. The re¬ 
flectance is as expected for an insulator and exhibits little 
T-dependence. We have not been able to reproduce the 
T-dependent reflectance or the broad hump centered at 
500 cm“^ previously reported [12]. We emphasize that 


we used single crystals for our optical spectroscopy and 
p(T) (Eig la) measurements that were taken from the 
same batch. Room temperature optical transmission as 
a function of wavenumber is presented in Eigure [^. At ~ 
6500 cm“^ a rapid decrease of transmission is observed, 
consistent with the onset of absorption due to optical ex¬ 
citations across a charge gap A = 0.86 eV, significantly 
larger than the previously reported charge gap of 0.024 
eV [12]. Eigure shows that the reduced transmission 
below ~ 3000 cm“^ is well accounted for by a model of 
Kramers-Kronig oscillators including some small intra¬ 
gap absorption due to in gap states or Sn inclusions m- 
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FIG. 1. (Color online) (a) Resistivity p of BaMn 2 As 2 as func¬ 
tion of temperature T measured in the ab plane, (inset) ln(p) 
versus T“^. The solid line is a fit to the Boltzmann expres¬ 
sion as described in the main text (b) Optical reflectance mea¬ 
sured in the ab plane for temperatures T = 295 K (red), 250 K 
(magneta), 200 K (orange), 150 K (green), 100 K (cyan), 60 K 
(black) and 5 K (blue). (c) Optical transmission measured in 
the ab plane at room temperature, (d) Optical transmission 
measured in the ab plane at room temperature (black) and 
a model of the optical transmission with (red) and without 
(green dash) intra-gap absorption. 

Figure [^ shows that the charge gap in 
BaMn 2 As 2 results from strong Hund’s coupling. First, 
in Figure we present a DFT+DMFT calculation 
for Hubbard U = 8 eV with no Hund’s term {^h = 
0). Several bands are crossing the Fermi level, and 
so BaMn 2 As 2 is predicted to be metallic, contrary to 
our resistivity and optical spectroscopy measurements 
that find insulating behavior. Figure presents 
DFT-hDMFT calculations for Hubbard U = 8 eV and 
Jh = 0.9 eV, showing that the inclusion of Hund’s 
coupling severely modifies the band structure. Since no 
bands cross the Fermi level, BaMn 2 As 2 is found to be 
an insulator in agreement with experiments. Further, 
a direct charge gap of ~ 0.8 eV (Figure Hf) is found 
at the F point that is in excellent agreement with the 
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experimental value A = 0.86 eV found from our optical 
measurements presented in Figure 

Using our experimental and theoretical results, we now 
situate BaMn 2 As 2 amongst archetypal layered Mn pnic- 
tide compounds LaMnXO and BaMn 2 X 2 (X = P, As) 
(Figure]^). First, we discuss the experimentally deter¬ 
mined activation gaps ca and charge gaps A. The ca de¬ 
termined from electrical resistivity measurements in the 
ab plane range from 0.027 - 0.2 eV, while the optical gaps 
range from A = 0.86 - 1.4 eV. Thus, ca likely corresponds 
to the energy differences between in-gap states, possibly 
from impurities, and the conduction band edge. In con¬ 
trast, A corresponds to the direct charge gap that sepa¬ 
rates the valence and conduction bands. Spin polarized 
DFT calculations find a direct charge gap of similar mag¬ 
nitude to the activation gaps, which is order of magnitude 
smaller than the experimentally determined charge gaps. 
On the other hand, DFT+DMFT calculations including 
a strong Hund’s coupling correctly reproduce the mea¬ 
sured charge gap. These calculations assert that Hund’s 
coupling is crucial to properly understand the insulating 
state of Mn pnictide systems BM- It has also been 
emphasized that Hund’s coupling is responsible for the 
mass enhancement observed in the parent compounds of 
the iron pnictide superconductors [23]. Thus, driving the 
strongly correlated Mn pnictide Hund’s insulators across 
an electronic delocalization transition where A^O could 
potentially lead to a more correlated Mn version of the Fe 
pnictides [25|, and perhaps even higher temperature su¬ 
perconductivity. While a metal-insulator transition has 
been realized in K-doped BaMn 2 As 2 , this sample was not 
found to be superconducting [14]. We now present p{T) 
and optical spectroscopy measurements that address the 
metallization of 2% K doped BaMn 2 As 2 . 

The temperature dependence of the electrical resis- 
itivty of 2% K doped BaMn 2 As 2 is presented in Fig¬ 
ure A metallic p{T) = po + AT^ temperature de¬ 
pendence typical of a Fermi liquid is observed, with A 
= 0.09 pCl cm K~^. The measured T-dependence is 
similar to that previously reported El but our crys¬ 
tals have slightly lower po = 0-34 mU cm and a larger 
residual resistivity ratio p(300 K)/p(2 K) 12, indicat¬ 
ing good sample quality. The optical reflectance R(ci;) 
of Ko.o 2 Bao. 98 Mn 2 As 2 at different temperatures is pre¬ 
sented in Figure Id. A strong temperature dependence 
is observed with the reflectance increasing as the temper¬ 
ature decreases, consistent with the formation of a metal¬ 
lic state. The real part of the complex optical conductiv¬ 
ity (Ji was determined from R(ci;) via a Kramers-Kronig 
analysis. Below the lowest measured frequency point, the 
Hagen-Rubens form has been used for the reflectance, 
1 — R{uj) (X and above the highest-measured fre¬ 
quency point the reflectance was assumed to be constant 
up to 5 X 10^ cm“^, above which a free-electron l/cj^ 
response was assumed. Figure Hi shows (Ji at selected 
temperatures. All the spectra exhibit clear Drude-like 
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FIG. 2. (Color online) (a) Density functional theory -h dy¬ 
namical mean-field theory (DFT-hDMFT) calculation of the 
band structure of BaMn 2 As 2 with Hubbard U = 8 eV and no 
Hund’s coupling {Jh = 0 eV). (b) DFT-hDMFT of the band 
structure of BaMn 2 As 2 with U = 8 eV and Jh = 0.9 eV. (c) 
Spectral function at high symmetry points for the calculation 
shown in (b). (d) Summary of the activation gaps ca deter¬ 
mined from electrical resistivity p measurements and charge 
gap A determined from different experimental and theoretical 
approaches in LaMnXO, BaMn 2 X 2 (X = P, As) [5l fT5lfT6ll^ . 


responses, expected for metals. 

In order to quantitatively analyze the optical data, we 
fit to the Drude-Lorentz model. 


/ X _ ^ __ 

^ Zq r(cc;2+r“2) ^ (cc;| - a;^)^ + 

( 1 ) 

where Zq = 377 O. The first term describes the free- 
carrier Drude response, characterized by the plasma fre¬ 
quency ujp = 47rne^/m*, where n is the carrier concen¬ 
tration and m* is an effective mass, and a scattering rate 
1/r. The second term corresponds to a sum of Lorentz 
oscillators characterized by a resonance frequency cjj, a 
linewidth y^, and an oscillator strength 

We find that a single Drude term, which we assign to 
the doped holes introduced by K, is sufficient to describe 
(Ji (Figure]^). This is consistent with the observation 
that the ordered magnetic moment associated with Mn is 
not reduced by K doping [27] but remains localized while 
the observed metallic behavior is due to the doped holes 
introduced by the K, as previously emphasized [28H3T]. 
These results are in sharp contrast to Bai_a,Ka,Fe 2 As 2 
(x=0.4), where two Drude terms corresponding to two 
different types of charge carriers are necessary to describe 
the optical conductivity, corresponding to multiple hole 
and electron pockets [32] . 
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FIG. 3. (Color online) (a) Temperature dependence of the 
electrical resistivity measured in the ab plane of a single crys¬ 
tal of Ko.o 2 Bao. 98 Mn 2 As 2 (b) Optical reflectance measured in 
the ab plane on a single crystal of Ko.o 2 Bao. 98 Mn 2 As 2 for tem¬ 
peratures indicated in (c). (c) Optical conductivity for differ¬ 
ent temperatures as indicated. Solid lines are fits to the 6 K 
and 295 K measurements as described in the main text. 


FIG. 4. The temperature dependence of (a) the plasma fre¬ 
quency (jjp^ (b) the scattering rate l/r, (c) the dc conductiv¬ 
ity cr(cj^O), and (d) the resistivity l/(7(ct;^0) and the cor¬ 
responding dc resistivity from transport measurements. For 
clarity, the dc resistivity is offset by 1 mQ cm compared to 
the same data presented in Figure 


Figure shows the temperature dependencies of the 
Drude parameters taken from our fits. The plasma fre¬ 
quency (Figure]^) is almost temperature independent, 
indicating that the band structure and n/m* do not 
change appreciably with temperature. The relatively 
small magnitude of the plasma frequency ~ 1700 cm“^ 
indicates that is a ’bad metal’, as expected for only 2% 
K doping. This plasma frequency is substantially smaller 
than in the related compound Bai_a,Ka,Fe 2 As 2 (x = 0.4), 
where two Drude terms corresponding to two plasma fre¬ 
quencies oopi ~ 6000 cm“^ and ujp 2 ~ 14 000 cm“^ are 
required [32]. Figure]^ presents the temperature depen¬ 
dence of the scattering rate of the Drude component, with 
l/r (X T^; the dashed line denotes a T^ fit that implies 
the charge carriers are described by Fermi liquid theory. 
The temperature dependencies of the dc optical conduc¬ 
tivity ai{uj ^0), resisitivity p = ^0) and dc 

resisitivity from electronic transport measurements are 
presented in Figure ,d. Excellent agreement is found 
between our optical resisitivity and electrical resistivity 
determined from transport. In both the behavior is well 
described by Fermi liquid theory, as previously observed 
and suggested to arise from hole-hole scattering El- 
The parent state of the iron pnictide superconductors 
may be regarded as a Hund’s metal [3111 and it is inter¬ 
esting to ask whether this is also the case for the isostruc- 
tural Mn pnictide metals. There are two signature fea¬ 
tures of a Hund’s metal: a reduction in the coherence 
scale for Fermi liquid behavior and the promotion of a 
metallic state away from half filling. For 2% K doped 
BaMn 2 As 2 our optical conductivity and transport mea¬ 
surements find the dc resisitivity has a Fermi-liquid like 
T^ dependence at all measured temperatures. Thus, 2% 


K doped BaMn 2 As 2 may be viewed as a system of weakly 
interacting quasiparticles that does not display the un¬ 
usual non-Fermi liquid properties p(T)ocT found in the 
metallic Fe pnictides |33|. The optical conductivity of 
2% K doped BaMn 2 As 2 is well described by hole con¬ 
duction corresponding to the introduction of K dopants. 
This observation, combined with the result that the or¬ 
dered magnetic moment remains robust in the K-doped 
metal [27], suggests the emergence of a metallic state 
does not promote significant valence fluctuations on the 
Mn site. Therefore, no signatures characteristic of a pos¬ 
sible correlated Hund’s metal state have been realized in 
this system. 

Rather, K doping has transformed BaMn 2 As 2 from 
a local moment antiferromagnetic insulator to a local 
moment antiferromagnetic metal where the doped holes 
are responsible for the conduction. The realization of 
a Hund’s metal and superconductivity requires the sup¬ 
pression of magnetic order, as well as metallization. At 
higher K doping in BaMn 2 As 2 itinerant ferromagnetism 
originating from the As 4p holes has been detected by 
x-ray magnetic circular dichroism (XMCD) [28l|3T]. In 
this report we have shown that BaMn 2 As 2 is very similar 
to other Mn pnictide systems and we therefore speculate 
that the ferromagnetism reported in H doped LaMnAsO 
might not be associated with the Mn site [34] . Thus, dop¬ 
ing Mn pnictide systems toward metallicity may gener- 
ically lead to ferromagnetic fluctuations or even order, 
with limited suppression of the antiferromagnetic order. 
On the other hand, pressure was found to transform 
LaMnPO from an antiferromagnetic insulator to an an¬ 
tiferromagnetic metal at 20 GPa and eventually to a 
paramagnetic metal at 34 GPa [HI [35] while 20 GPa did 
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not suppress the long range antiferromagnetic order in 
Bao. 6 iKo. 39 Mn 2 Bi 2 below 300 K [36]. In both cases, no 
ferromagnetism was detected and it appears to be the 
case that only pressure can transform Mn pnictide insu¬ 
lators into potentially correlated Hand’s metals, a now 
familiar breeding ground for superconductivity. 

We have reported optical transmission measurements 
of BaMn 2 As 2 that find insulating behavior and a charge 
gap of 0.86 eV. The measured charge gap is an order of 
magnitude larger than previously reported and of simi¬ 
lar magnitude to that of other Mn pnictide compounds. 
DFT+DMFT correctly reproduces the charge gap only 
when Hand’s coupling is included. Using these results, 
we present BaMn 2 As 2 as part of a wider class of lay¬ 
ered Mn pnictide systems that we classify as Mott-Hund’s 
insulators. We have also presented the optical conduc¬ 
tivity of Ko.o 2 Bao. 98 Mn 2 As 2 that reveals a Drude peak, 
characteristic of a metallic state. A Fermi liquid like 
temperature dependence of cri(co’^0, T) and p{T) sug¬ 
gests Ko.o 2 Bao. 98 Mn 2 As 2 should not be considered a cor¬ 
related Hand’s metal and thus is an unlikely candidate for 
high temperature superconductivity. While the outlook 
for suppressing the local moment antiferromagnetism in 
these systems by chemical doping remains challenging, 
the possibility of suppressing the moment by pressure 
is more positive. We believe a closer examination of 
the pressure dependence of the magnetic state of layered 
Mn pnictide compounds, for instance using high pressure 
neutron scattering techniques, is warranted. 
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